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ABSTRACT
The secondary electrons and positrons (SEPs) generated by the hadronic interactions in supernova
remnants (SNRs) will give rise to synchrotron radiation in the magnetic field of the SNR shock, which
may be a powerful way to distinguish whether the gamma-ray emission from SNRs is leptonic or
hadronic origin, and whether cosmic rays are accelerated in SNR shocks. Here we provide a method
that directly use the observed gamma-ray flux from SNRs, created by pion decays, to derive the SEP
distribution and hence the synchrotron spectrum. We apply the method to SNRs RX J1713.7-3946,
IC 443 and W44 and find: (1) If the gamma-rays from the young SNR RX J1713.7-3946 are produced
by hadronic interactions, the SEP synchrotron radiation may show a spectral bump at 10−5−10−2eV
dominating the primary electrons’ synchrotron component, if the magnetic field in the SNR shock
is & 0.5mG; (2) In the leptonic model for the gamma-rays from RX J1713.7-3946, the SEPs from
subdominant hadronic processes may still produce a flat synchrotron spectrum and a flux in the
level of a few 10−13erg cm−2s−1 at & 100 keV; (3) If the gamma-rays from middle-aged SNRs IC443
and W44 are produced by hadronic interactions, the SEP synchrotron radiation can well account
for the observed radio flux and spectral slopes, supporting the hadronic origin of the gamma-rays in
these two SNRs; (4) The requirement that the SEP radiation derived by the observed gamma-ray
spectra, assumed to be hadronic origin, cannot exceed the observed radio flux constrain the magnetic
fields in the SNR shocks to be . 2mG, . 350µG, and . 400µG for RX J1713.7-3946, IC 443 and
W44, respectively. Future microwave to far-infrared and hard (> 100 keV) X-ray observations are
encouraged to detect the SEP radiation, and constrain the SNR ability of cosmic ray acceleration.
Subject headings: acceleration of particles - cosmic ray interaction - gamma rays - supernova remnants:
individual (RX J1713.7-3946, IC 443, and W44)
1. INTRODUCTION
Supernova remnants (SNRs) are long considered to
be the prime sources of Galactic cosmic rays (GCRs)
for energies at least up to the CR spectral “knee” at
∼ 3×1015eV, and probably up to the spectral “ankle” at
∼ 1018eV, above which the CRs might come from extra-
galactic sources (Aharonian 2013; Gabici 2009). There
are mainly two reasons to believe that SNRs are the ma-
jor sites to produce GCRs. The first is based on the pro-
duced rate of GCRs, W˙CR ≈ (0.3− 1)× 1041erg/s, which
can be supplied by approximately 10% of the kinetic en-
ergy of Galactic supernovae (SNe) (Gaisser 1991). The
second is that the diffusive shock acceleration (DSA) pro-
cess in SNRs is expected to convert the kinetic energy
of the bulk motion of SN ejecta to relativistic electrons
and nuclei effectively. Many theoretic and observational
works try to give more direct evidence to prove or dis-
prove SNRs as GCR sources.
In the past decades, multi-wavelength observations had
substantially increased our knowledge of SNR phenom-
ena. Young and middle-aged SNRs are often observed
to emit nonthermal radiation from radio up to GeV-
TeV gamma-ray bands, which is believed to be pro-
duced by high energy electrons and/or protons accel-
erated by SNR shocks. The radio to X-ray emission
can be originated from synchrotron radiation from the
primary shock-accelerated electrons. However, the ori-
gin of high energy gamma-ray emission, whether Inverse
Compton (IC) scattering/bremsstrahlung emission from
primary electrons (leptonic model) or pion production
caused by the collisions of accelerated protons/ions with
background plasma (hadronic model), is less understood,
because both leptonic and hadronic models can well ex-
plain the high energy GeV-TeV gamma-ray emission.
Some methods must be developed to distinguish the
main production mechanism for gamma-ray emission
from SNRs. At GeV energies two middle-aged SNRs, IC
443 and W44, show the characteristic spectral feature
(often referred to as the “pion-decay bump”) uniquely
identifies π0-decay gamma rays and thereby high-energy
proton existence (Ackermann et al. 2013). More direct
evidence of proton-proton (pp) interactions should be de-
tection of gamma-ray emission exceeding ∼ 50TeV, since
the leptonic process suffers from Klein-Nishina suppres-
sion at such high energies. Future deep spectroscopic and
morphological studies of SNRs with Cherenkov Telescope
Array (CTA) and LHAASO promise a breakthrough re-
garding the identification of radiation mechanism (e.g.,
Aharonian 2013).
Here, we present another powerful method to distin-
guish the hadronic and leptonic models. In the hadronic
2process, the pp interactions produce not only pionic
gamma-rays but also secondary electrons and positrons
(SEPs) from charged pion decays. The SEPs may com-
pete with primary accelerated electrons and significantly
contribute to the nonthermal electromagnetic radiation
(e.g., Gabici, Aharonian & Casanova 2009). The SEP
synchrotron radiation may differ from that contributed
by the primary accelerated electrons. So the detection
of the synchrotron radiation by SEPs can be an alterna-
tive, and perhaps more powerful method to distinguish
the mechanisms of gamma-ray emission in SNRs. We
provide in §2 a new method of deriving the SEP syn-
chrotron radiation directly by the observed gamma-ray
spectrum and flux of SNRs. In §3 we apply our method
to several SNRs with GeV-TeV detections, RX J1713.7-
3946, IC 443 and W44. §4 will be the discussion on the
results and the main conclusion is summarized in §5.
2. METHOD
The SN ejecta drives a shock into the surrounding
medium. The shock swept-up particles can be acceler-
ated by the SNR shock. The acceleration makes SNRs
potential sources of GeV-TeV gamma rays, resulted from
decays of secondary π0-mesons produced in hadronic in-
teractions.
A direct signature of high energy protons is provided
by gamma rays generated in the decay of neutral pions
(π0): pp collisions create π mesons, including neutral
and charged π-mesons. The neutral pions will quickly
decay into two gamma rays, each having an energy of
mpi0c
2/2 = 67.5 MeV in the rest frame of the neutral
pion. On the other hand, the charged pions will quickly
decay into SEPs, as well as neutrinos. The decay chan-
nels are as following,
pp →


π0 +X → γγ,
π+ +X → e+νeνµν¯µ,
π− +X → e−νeν¯µνµ,
(1)
where X represents other products. Here, we approxi-
mate that the produced π+, π−, π0 have similar numbers
and energies. Thus there will be a correlation between
the energy distributions of SEPs and gamma-ray pho-
tons. In the following we provide a way to derive the
distribution of the SEPs directly by using the gamma-
ray emission. In the derivation we adopt the parame-
terized distribution functions of secondaries in pp inter-
actions from Kelner, Aharonian, & Bugayov (2006). At
last we calculate the synchrotron radiation by the gener-
ated SEPs in the SNR shock.
2.1. SEP energy spectra from pp interactions
Define Jpi(Epi) as the spectrum of π
0-mesons produced
in pp interactions, i.e., the produced number per unit
pion energy Epi per unit time t, then the produced
rate of pions in the energy interval (Epi, Epi + dEpi) is
dN˙pi ≡ Jpi(Epi)dEpi . The energy distribution of gamma-
rays from the decay of π0-mesons, π0 → γγ, Qγ(Eγ) ≡
dN˙γ/dEγ , is
Qγ(Eγ) = 2
∫ ∞
Eγ
Jpi(Epi)
dEpi
Epi
. (2)
On the contrary we may obtain the energy distribution
of gamma-ray production rate by observed photon flux
(Φ; photon number per unit gamma-ray energy per unit
detector area per unit time) Qγ = 4πD
2Φ, with D the
source distance from the Earth. Given Qγ(Eγ), Eq.(2)
can be used to derive the π0-mesons distribution Jpi(Epi),
Jpi(Epi) = −1
2
[
Eγ
dQγ(Eγ)
dEγ
]
Eγ→Epi
. (3)
Eq.(3) shows that the π0-mesons distribution depends on
the derivative of the gamma-ray spectrum, Qγ(Eγ). The
energy production rate of gamma-rays is equal to that of
pions,
∫∞
0
EγQγ(Eγ)dEγ =
∫∞
0
EpiJpi(Epi)dEpi .
The produced electrons are the secondary products of
decays of charged pions, π± → e+νe+2νµ. The spectrum
of the produced SEPs, Qe(Ee) ≡ dN˙e/dEe, is given by
Qe(Ee) = 2
∫ 1
0
fe(x)Jpi(Ee/x)
dx
x
, (4)
where x = Ee/Epi, and the factor 2 takes into account
the contributions of both π+ and π−. The function fe(x)
is given by:
fe(x) = gνµ(x)Θ(x − r) + (h(1)νµ (x) + (h(2)νµ (x))Θ(x − r),
(5)
where r = (mµ/mpi)
2 = 0.573,
gνµ(x) =
3− 2r
9(1− r)2 (9x
2 − 6 lnx− 4x3 − 5), (6)
h(1)νµ (x) =
3− 2r
9(1− r)2 (9r
2 − 6 ln r − 4r3 − 5), (7)
h(2)νµ (x) =
(1 + 2r)(r − x)
9r2
[9(r + x)− 4(r2 + rx + x2)],
(8)
Θ is the Heaviside function (Θ(x) = 1 if x ≥ 0, and
Θ(x) = 0 otherwise).
Thus, given the pion-decayed gamma-ray spectrum
Qγ(Eγ), one can use Eq.(3) and Eq.(4) to derive the
energy distribution of produced SEPs, Qe(Ee).
2.2. Synchrotron radiation from SEPs
Once the SEPs are produced in the SNR, they will
emit their energy and cool down by synchrotron radia-
tion and IC scattering background photons. So SEPs are
accumulated in the SNR, but their energy distribution is
affected by radiative cooling. We derive first the energy
distribution of SEPs, and then calculate the synchrotron
spectrum emitted by them.
We solve the continuity equation governing the tempo-
ral SEPs’ distribution,
∂
∂t
dNe
dγe
+
∂
∂γe
[
γ˙e
dNe
dγe
]
= S(γe, t). (9)
Here γe ≡ Ee/mec2 is the Lorentz factor of the SEPs,
dNe/dγe is the instantaneous SEPs’ spectrum in the SNR
at time t (t = 0 denotes the time of the SN explosion),
3and S(γe, t) ≡ Qe(Ee, t)mec2 is the source function. We
can obtain S(γe, t), e.g., by gamma-ray observations, by
the way explained in §2.1. The cooling rate γ˙e of an
electron is given by
γ˙e = −σTB
2γ2e
6πmec
(1 + Y ), (10)
where B is the magnetic field strength, and Y is the
Compton parameter parameterizing the IC cooling im-
portance. In the following cases we consider, we have
magnetic field energy density much larger than back-
ground photon energy density, Y . Uph/UB ≪ 1, thus
we take Y = 0 in Eq.(10). Following Chang & Cooper
(1970); Chiaberge & Ghisellini (1999), we use the fully
implicit difference scheme to numerically solve Eq.(9).
Given the solved-out distribution of SEPs, dNe/dγe,
the synchrotron radiation in a postshock magnetic field
B leads to a total luminosity per unit photon frequency
ν as (Crusius & Schlickeiser 1986)
Lν =
√
3e3B
2πmec2
∫
dγe
dNe
dγe
R(ν/νc), (11)
where R(ν/νc) describes the synchrotron radiative power
of a single electron in magnetic filed with chaotic direc-
tions, for which we take a simple analytical form follow-
ing Zirakashvili & Aharonian (2007),
R(ν/νc) =
1.81 exp(−ν/νc)√
(ν/νc)−2/3 + (3.62/π)2
, (12)
with νc = 3eBγ
2
e/4πmec being the critical frequency for
electrons with γe. The observed synchrotron radiation
flux is then
Fν = Lν/4πD
2. (13)
A note should be made here on the minimum energy of
the newly generated SEPs. Since the four leptons gener-
ated by charged pion decay roughly share pion’s energy
equally, we expect a sharp drop of the SEP’s number be-
low energy Ee,min = mpic
2/4 = 33.8 MeV. Thus when
we derive the energy distribution of SEPs by detected
gamma-ray spectrum, we take a low-end cutoff for the in-
jection Lorentz factors at γe,min = Ee,min/mec
2, usually
emitting synchrotron radiation well below the observed
radio bands.
The only uncertainty for the SEP synchrotron radia-
tion is the magnetic field B in the postshock region of
the SNR shock. We will take it as a free parameter. It is
noted that in hadronic model for the GeV-TeV gamma-
ray emission from SNRs a magnetic field of order of 100’s
µG is usually derived from spectral fitting. Moreover, we
will consider a constant GeV-TeV gamma-ray luminos-
ity, and hence a constant source function in Eq (9) within
a dynamical time comparable to the SNR age tSNR, thus
we will solve out dNe/dγe up to time t = tSNR, and then
calculate the synchrotron spectrum at time tSNR.
3. APPLICATION
We will apply the method described in the previous
section to derive the synchrotron radiation from SEPs di-
rectly with the observed gamma-ray spectrum, assumed
to be hadronic origin.
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Fig. 1.— Derived synchrotron radiation from SEPs in young SNR
RX J1713.7-3946. Upper panel: temporal distribution of SEPs,
assuming hadronic process dominates the production of GeV-TeV
gamma-rays. The blue dashed-dotted, purple dashed, and red solid
lines represent distributions at t = 0.5kry, 1kyr, and 1.6kry, re-
spectively, with the postshock magnetic field B = 100µG. Lower
panel: synchrotron spectrum from SEPs. The the dashed, dotted,
and dashed-dotted lines show the SEP synchrotron radiation at t =
1.6kyr with different magnetic field B = 2mG, 0.5mG, and 0.1mG,
respectively. The solid line shows the CBPL spectral model fit to
the gamma-ray data. Also shown are the radio data (red points)
from ATCA (Lazendic et al. 2004), X-ray data (green triangles)
from Suzaku (Tanaka et al. 2008), soft gamma-ray data (orange
stars) from INTEGRAL-IBIS (Bird et al. 2010), > 0.1 GeV data
(cyan squares) from Feimi-LAT (Abdo et al. 2011), and > 0.1 TeV
data (blue circulars) from HESS (H. E. S. S. Collaboration et al.
2018).
3.1. RX J1713.7-3946
RX J1713.7-3946 is the best studied young
(tSNR ≈ 1.6kyr) gamma-ray SNR. It was discovered in
the ROSTA all-sky survey (Pfeffermann & Aschenbach
1996) and had an estimated distance of D ≈ 1 kpc
(Fukui et al. 2003). It is a prominent and well studied ex-
ample of a class of X-ray bright and radio dim shell-type
SNRs (Lazendic et al. 2004). Despite the past deep
HESS exposure and detailed spectral and morphological
studies (H. E. S. S. Collaboration et al. 2018), the origin
of the gamma-ray emission (leptonic, hadronic, or a
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Fig. 2.— Same as Fig.1, but assuming leptonic process dominates
the GeV-TeV gamma-rays. Upper panel: the blue dashed-dotted,
purple dashed, and red solid lines correspond to t = 0.5kry, 1kyr,
and 1.6kry, respectively, with B = 10µG. Lower panel: the dashed,
dotted, and dashed-dotted lines correspond to B = 100µG, 50µG,
and 10µG, respectively, at t = 1.6kyr, and the solid line shows the
assumed pionic gamma-ray emission as a CPL spectrum.
mix of both) is not clearly established(Morlino et al.
2009; Zirakashvili & Aharonian 2010; Ellison et al.
2010; Yuan et al. 2011). If using the leptonic model
to explain the multiwavelength emission of RX
J1713.7-3946, a small magnetic field (B ≈ 14µG)
(H. E. S. S. Collaboration et al. 2018; Tanaka et al.
2008; Yuan et al. 2011) is needed. However, for the
hadronic model to explain the multiwavelength emis-
sion, a larger magnetic field (B > 100µG) is need
(Zirakashvili & Aharonian 2010; Yuan et al. 2011;
Gabici & Aharonian 2014). The observed rapid X-ray
variability of RX J1713.7-3946 has been interpreted as a
large, multi-mG, magnetic field (Uchiyama et al. 2007)
(see, however, e.g., Butt et al. 2008).
Here, we apply our method to RX J1713.7-3946.
Firstly, we assume that the gamma-ray emission is due
to the hadronic model. We fit the observed gamma-
ray emission by a smoothed cut-off broken power-law
(CBPL) spectrum:
E2γΦ = K
(
Eγ
Eb
)−p1 [
1 +
Eγ
Eb
]p1−p2
exp
[
−
(
Eγ
Ec
)ξ]
,
(14)
where F0, Eb, Ec, p1, p2 and ξ are parameters deter-
mined by fitting data. The best fitting parameters are
showed in Tab.1. We then use Eq.(3) and Eq.(4) to trans-
form the spectra of observed gamma-ray to the spectra
of SEPs, solve the time-dependent continuity equation
and calculate the SEP synchrotron radiation. The re-
sults are showed in Fig.1. The upper panel in Fig.1 rep-
resents the temporal electrons distribution which is the
result governed by solving the continuity equation. The
lower panel in Fig.1 represents the synchrotron radiation
of SEPs.
By changing the only free parameter B, we see in Fig.1
that the synchrotron spectral profile of SEPs broaden
as B increases. For B ≃ 2mG, the flux matches the
observed radio flux by ATCA. So, if the gamma-rays
from RX J1713.7-3946 are dominated by hadronic in-
teractions, the magnetic field in the shock cannot be
larger than ∼mG, otherwise the synchrotron radiation
from SEPs overshoot the observed radio flux.
We usually believe that the radio-to-X-ray flux is dom-
inated by the synchrotron radiation by primary electrons
accelerated by the SNR shock. By connecting the radio
and X-ray flux, we find that the predicted SEP radia-
tion may exceed that of the primary electrons for large
magnetic field B & 0.5mG. It is promising to measure the
flux from RX J1713.7-3946 in the range of 10−5−10−2eV
where the SEP radiation may dominate, and the ob-
served flux could be above & 10−12erg cm−2s−1. At the
high energy end of the spectrum, i.e., & 100keV, the syn-
chrotron radiation may also contribute significantly the
emission, with a flux only ∼ 10−13erg cm−2s−1 or below,
which requires a very sensitive hard X-ray telescope in
the future.
Next, we consider that the gamma-ray emission is dom-
inated by leptonic process, so that the gamma-ray emis-
sion produced by the hadronic process should be be-
low the the observed gamma-ray flux. By DSA process
the accelerated protons follow a flat energy distribution,
dnp/dEp ∝ E−sp with s ≈ 2. The energy distribution
of secondary pions and hence that of pionic gamma-rays
follow the spectral shape of primary protons, Φ ∝ E−sγ .
Thus we assume that the pionic gamma-rays’ distribu-
tion is a cut-off power-law (CPL) spectrum:
E2γΦ = KE
−p1
γ exp
[
−
(
Eγ
Ec
)]
, (15)
with p1 = s− 2 ≈ 0. The cutoff of gamma-ray spectrum
depends on the maximum energy of accelerated protons,
Ec ≈ Ep,c/10, where the factor comes from that the
pion carries about 20% the primary proton energy,
and that each secondary gamma-ray carries roughly
1/4 the pion energy. The characteristic maximum
energy of the accelerated protons may reach Ep,c ≈
4.5(B/1mG)(tSNR/1kyr)(us/3000km s
−1)2η−1PeV,
where us is the speed of the SNR shock, and η ≥ 1
denotes the acceleration efficiency (Lagage & Cesarsky
1983). For RX J1713.7-3946, we assume the cut-off
5energy of the gamma ray emission may be Ec ∼ 1PeV.
Moreover, the normalization factor K should be chosen
so that the CPL spectrum does not overshoot the
observed flux, assumed to be leptonic process origin.
The parameter values in CPL model that we adopt are
showed in Tab.1. As shown in Fig.2, this is the allowed
maximum flux of pionic gamma-rays in the leptonic
model. The results for the synchrotron radiation by
SEPs are showed in Fig.2. The upper panel shows the
temporal secondary-electron distribution at different
times, whereas the lower panel shows the SEP syn-
chrotron radiation at t = 1.6kyr with different magnetic
fields.
We can see that the SEP radiation at optical and
infrared energies is low. The spectra only extend to
the optical band, & 1eV, even for large magnetic field
B ∼ 100µG. Note, in the leptonic model for the gamma-
ray emission, the magnetic field is well constrained to be
relatively low, in the order of ∼ 10µG (e.g., Yuan et al.
2011). The low flux below the optical band is due to com-
bined effects of low B and less SEPs in leptonic models.
However, the SEP radiation may show up at & 100 keV,
dominating the sharply dropping primary electron radi-
ation. The low flux implies that the detection requires a
future hard X-ray telescope with sensitivity as good as
∼ 10−13erg cm−2s−1 at & 100 keV.
3.2. IC 443 and W44
SNR IC 443 and W44 are two middle-aged (∼
10kyr) SNRs surrounded with dense molecular clouds
(MCs) (Ackermann et al. 2013; Cardillo et al. 2014;
Tavani et al. 2010; Fang et al. 2013; Uchiyama et al.
2010). Since they are close (with distances of 1.5 kpc and
2.9 kpc for IC 443 and W44, respectively) and bright in
gamma-ray energies, they are the best studied SNRs so
far. Ackermann et al. (2013) shows that the 4-year ob-
servations with Fermi-LAT on IC 443 and W44 reveal
the characteristic “pion-decay bump” in the sub-GeV
gamma-ray spectra, which tends to exclude a leptonic-
only model for the GeV gamma-ray emission from IC 443
and W44. This provides an evidence of CR acceleration
in SNRs.
If the GeV emission is produced by hadronic interac-
tions, there should be accompanying SEPs which pro-
duce synchrotron radiation in the postshock magnetic
field. Again we use CBPL spectral model to fit the
gamma-ray data of SNRs IC 443 and W44, and then the
best fitting parameters are shown in Tab.1. The results
of derived SEPs’ and synchrotron radiation spectra are
shown in Figs.3 and 4 for IC 443 and W44, respectively.
We see that the synchrotron flux increases with the
magnetic field. Since the predicted flux cannot exceed
the observed radio emission, we can give upper limits to
the magnetic field, B . 350µG and . 400µG for IC 443
and W44, respectively. However, the predicted flux and
spectral index are both well consistent with observations,
which may implies that the radio emission is mainly pro-
duced by the synchrotron radiation of the SEPs. In fact,
the observed radio spectral index, if explained by syn-
chrotron radiation, needs a power-law distributed elec-
tron population with a spectral index p = 1.75, which
is harder than DSA predicted index p ≈ 2. These facts
suggest that the radio emission from IC 443 and W44
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Fig. 3.— Same as Fig.1 but for middle-aged SNR IC 443. Up-
per panel: the blue dashed-dotted, purple dashed, and red solid
lines correspond to t = 1kry, 5kyr, and 10kry, respectively, with
B = 350µG. Lower panel: the dashed, dotted, and dashed-dotted
lines correspond to B = 350µG, 200µG, and 100µG, respectively,
at t = 10kyr, and the solid line represents the CBPL spectral fit-
ting model. Also shown are observational data in radio by VLA
(red points) (Castelletti et al. 2011), by Sardinia Radio Telescope
(green triangles) (Egron et al. 2017), in > 0.1 GeV gamma-rays by
Fermi-LAT (cyan squares) (Ackermann et al. 2013), and by AGILE
(blue circulars) (Tavani et al. 2010), and in > 0.1 TeV gamma-rays
by MAGIC (magenta inverted-triangles) (Albert et al. 2007), and
by VERITAS (orange diamonds) (Acciari et al. 2009).
is more naturally explained by SEP radiation with mag-
netic fields B ≃ 350µG and ≃ 400µG, respectively.
4. DISCUSSION
In the hadronic model for RX J1713.7-3946, a spectral
bump in 10−5−10−2eV may show up if the magnetic field
is the order of mG (Fig.1). Observations in microwave to
far-infrared bands are encouraged to confirm if it is there,
and test the origin of the gamma-rays. However, an up-
per limit B . 2 mG is constrained in this model by the
observed radio flux. Huang & Pohl (2008) have obtained
comparable result of the magnetic field by carrying out
a detailed Monte Carlo particle collision calculation of
the SEP production. We here directly use the observed
gamma-ray spectrum to derive SEP spectrum analyti-
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Fig. 4.— Same as Fig.1 but for middle-aged SNR W44. Upper
panel: the blue dashed-dotted, purple dashed, and red solid lines
correspond to t = 1kry, 5kyr, and 10kry, respectively, with B =
400µG. Lower panel: the dashed, dotted, and dashed-dotted lines
correspond to B = 400µG, 200µG and 100µG, respectively, at
t = 10kyr, and the solid line represents the CBPL spectral fitting
model. Also shown are observational data in radio by VLA (red
points) (Castelletti et al. 2007), and by Sardinia Radio Telescope
(green triangles) (Loru et al. 2018; Egron et al. 2017), in > 0.1
GeV gamma-rays by Fermi-LAT (cyan squares) (Ackermann et al.
2013), and by AGILE (blue circulars) (Giuliani et al. 2011).
cally, avoiding the complicated numerical calculation of
the hadronic interactions.
The synchrotron spectrum from radio to X-ray bands
from SNRs can be used to constrain the magnetic field B
in the SNR shocks, as discussed in Wang & Li (2014). In
the spectrum there is a spectral break νcool correspond-
ing to the electrons with a radiative cooling time equal
to the SNR age, hνcool ≈ 3(B/100µG)−3(t/1kyr)−2eV,
only function of B and t (e.g., Katz & Waxman 2008).
If the injected electrons’ index is p, then the synchrotron
spectral slope changes from Fν ∝ ν−(p−1)/2 below νcool
to Fν ∝ ν−p/2 above νcool. Given the observed ra-
dio flux (below νcool), and the X-ray flux (maybe above
νcool, we can constrain νcool and then B. For p ∼ 1.8
H. E. S. S. Collaboration et al. (2018) derivesB ∼ 70µG
in RX J1713.7-3946. If p & 2 as expected by DSA theory,
νcool is larger and B becomes smaller, ∼ 10’s µG. Small
B will lead to enhancement of the inverse-Compton (IC)
radiation, and favor leptonic model for the gamma-rays
from RX J1713.7-3946.
If the bulk of gamma-rays from RX J1713.7-3946
is mainly produced by leptonic process, the possible
hadronic component should be below the observed flux.
A promising flux of pionic gamma-rays is assumed in
Fig.2. The corresponding SEP radiation may show up
at & 100keV. For synchrotron radiation at 100 keV,
the corresponding pionic gamma-ray energy should be
∼ 1 PeV provided the magnetic field strength B ∼ 10µG
(Wang & Li 2016). So a detection of hard X-rays at
100 keV may provide the evidence of existence of PeV
gamma-rays and hence CRs beyond the spectral knee
from the SNR. However, a deep observation in the level
of ∼ 10−13erg cm−2s−1 is required for the future hard
X-ray telescopes.
As for IC 443 and W44, the derived SEP radiation can
well match the radio data with B = 350µG and 400µG,
respectively (Figs 3 and 4). Besides the “pion-decay
bump”, these results further support the hadronic origin
of gamma-rays. The required relatively large magnetic
field, B ∼ 100’s µG, is consistent with the hadronic
model but disfavors leptonic one (e.g., Cardillo et al.
2014). Moreover, the large B can be well explained
by the large density of the surrounding MCs, since the
postshock magnetic field is B ∼√8πǫBnmpu2s (with ǫB
being the energy fraction of the postshock internal energy
carried by magnetic field). For example, for W44 the
CO data obtained from the NANTEN2 telescope imply
a dense medium with n ∼ 250−300cm−3 (Cardillo et al.
2014), then the postshock magnetic field is B ∼
0.4(ǫB/10
−1)1/2(n/200cm−3)1/2(us/300km s
−1)mG,
consistent with the requirement for SEP radiation to
account for the radio emission.
The measurement of the postshock magnetic field is
important for the study of the collisionless shock physics.
In any case, by requiring the SEP synchrotron radiation
not exceeding the observed radio-to-X-ray flux we can
give an upper limit of the magnetic field. This is simply
true if the gamma-rays are hadronic origin. If, however,
the gamma-rays are leptonic origin, an even low magnetic
field is required to model the radio to gamma-ray data
(This is because in the leptonic models the radio to X-ray
emission is explained by synchrotron radiation, whereas
the gamma-ray emission by IC or bremsstrahlung. A
low magnetic field can suppress the synchrotron radia-
tion so that the IC and or bremsstrahlung radiation can
be enhanced). So after all, the requirement of SEP syn-
chrotron radiation below observed radio flux always gives
an upper limit of the magnetic field. Thus we can con-
clude that B . few mG in the shock of RX J1713.7-3946,
and B . 0.4mG in the shocks of IC 443 and W44.
5. CONCLUSION AND SUMMARY
Since there is a connection between the SEPs and
gamma ray photons, there should be a connection be-
tween the synchrotron radiation produced by SEPs and
the observed gamma-rays from hadronic interactions.
Here, we develop a simple analytical method to translate
the observed gamma-ray spectra to the SEP spectra, and
then calculate the SEP synchrotron radiation. We apply
our method to three well observed gamma-ray SNRs, RX
7TABLE 1
Parameters used in gamma-ray spectral models
SNR Spectral Model K [10−10erg cm−2s−1] p1 p2 ξ Eb Ec
RX J1713.7-3946
CBPL 0.53 −0.56 0.18 1.38 0.11TeV 18.34TeV
CPL 2 0 - - - 103TeV
IC 443 CBPL 9.08 0.74 1.28 −0.24 8.67GeV 214.55GeV
W44 CBPL 17.45 1.60 1.95 −0.34 4.25GeV 93.09GeV
J1713.7-3946, IC 443 and W44. The main results are:
• If the GeV-TeV gamma-rays from young SNR RX
J1713.7-3946 are produced by hadronic interac-
tions, the SEP synchrotron radiation may give rise
to a spectral bump at 10−5 − 10−2eV dominating
the primary electrons’ synchrotron component, if
the magnetic field in the SNR shock is & 0.5mG.
• If the GeV-TeV gamma-rays from young SNR RX
J1713.7-3946 are dominated by the contribution
from leptonic processes, there may be a subdom-
inant hadronic gamma-ray component, which can
be accompanied by a SEP synchrotron radiation
that may be detected at & 100 keV, with a flat
spectrum and a flux of a few 10−13erg cm−2s−1.
• If the GeV-TeV gamma-rays from middle-aged
SNRs IC 443 and W44 are produced by hadronic
interactions, the SEP synchrotron radiation can
well account for the observed radio flux and spec-
tral slopes, which further supports the hadronic ori-
gin of the gamma-rays and the TeV CR accelera-
tions in these two SNRs.
• The requirement that the SEP radiation derived
by the observed gamma-ray spectra, assumed to
be hadronic origin, cannot exceed the observed ra-
dio flux constrain the magnetic fields in the SNR
shocks to be B . 2mG, . 350µG, and . 400µG for
RX J1713.7-3946, IC 443 and W44, respectively.
In brief, the SEP synchrotron radiation can be a pow-
erful tool to distinguish production processes of the GeV-
TeV gamma-ray emission from SNRs. Future microwave
to far infrared and deep hard X-ray observations may tell
the differences between the synchrotron spectra by SEPs
and primary electrons, and probe the particle accelera-
tion ability of SNR shocks.
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